Abstract. Temporal and spatial characteristics of intense quasi-static electric fields and associated electric potential structures in the return current region are discussed using Cluster observations at geocentric distances of about 5 Earth radii. Results are presented from four Cluster encounters with such acceleration structures to illustrate common as well as different features of such structures. The electric field structures are characterized by (all values are projected to 100 km altitude) peak amplitudes of ≈1 V/m, bipolar or unipolar profiles, perpendicular scale sizes of ≈10 km, occurrence at auroral plasma boundaries associated with plasma density gradients, downward field-aligned currents of ≈10 µA/m 2 , and upward electron beams with characteristic energies of a few hundred eV to a few keV. Two events illustrate the temporal evolution of bipolar, diverging electric field structures, indicative of positive U-shaped potentials increasing in magnitude from less than 1 kV to a few kV on a few 100 s time scale. This is also the typical formation time for ionospheric plasma cavities, which are connected to the potential structure and suggested to evolve hand-inhand with these. In one of these events an energy decay of inverted-V ions was observed in the upward field-aligned current region prior to the acceleration potential increase in the adjacent downward current region, possibly suggesting that a potential redistribution took place between the two current branches. The other two events were characterized by intense unipolar electric fields, indicative of S-shaped potential contours and were encountered at the polar cap boundary. The total observation time for these events was typically 10-20 s, too short for monitoring the evolution of the structure, but yet of interest for revealing their short term stability. The locations of the two bipolar events at the poleward boundary of the central plasma sheet and of the two unipoCorrespondence to: G. T. Marklund (marklund@plasma.kth.se) lar events at the polar cap boundary, suggest that the special profile shape depends on whether plasma populations, dense enough to support upward field-aligned currents and closure of the return current, exist on both sides, or on one side only, of the boundary.
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Introduction
A key issue in auroral research is how the quasi-static auroral potential structures are formed and maintained and how they contribute, in addition to Alfvén waves, to the acceleration of auroral particles and to the energy transport towards and away from the auroral ionosphere. Up to the late 80's the common viewpoint was that acceleration by quasi-static potential structures mainly took place in the region of upward field-aligned currents. This current, carried by precipitating electrons accelerated towards Earth producing the aurora, is always accompanied by an oppositely directed downward current, the auroral return current, carried by upward flowing ionospheric electrons. Together these adjacent and oppositely directed currents are connected in a common current circuit, the auroral current circuit. Before the Freja and FAST satellite missions in the early and mid 90's, the return current was believed to be carried by cold electrons supplied by an almost infinite ionospheric reservoir. Marklund et al. (1994) reported on the first observations of intense, and very narrowscale diverging electric fields at relatively low altitudes in the return current region based on Freja data. The intensity and occurrence of such electric fields was found to peak during conditions of low plasma density and ionospheric conductivity, such as close to winter solstice and local midnight. The Freja results clearly demonstrated that the picture of the return current as simply a passive element in the auroral current circuit had to be revised. The first conclusive evidence of the existence of positive potential structures associated with downward parallel electric fields in the auroral return current region was presented by Marklund et al. (1997) based on both event studies (Marklund et al., 1994; 1995) and statistical studies (Karlsson and Marklund, 1996) of intense diverging electric fields and associated particle characteristics observed by Freja. The positive potential structures, developing in conjunction with black aurora, were proposed to form the counterpart to the negative potential structures, developing in the upward current region and responsible for producing the discrete aurora. Figure 1 illustrates the negative and positive potential structures and associated downward and upward flow of accelerated electrons, respectively, for the case of two parallel discrete arcs embedding a region of black aurora. Observations by the FAST auroral satellite later confirmed these findings and provided, in addition, unprecedented details of the particle and wave characteristics in the return current region Ergun et al., 1998) . The parallel potentials were for some events shown to have the form of monotonic potential ramps, localized to about 10 Debye lengths, and accompanied by intense electrostatic waves and electron phase-space holes (Ergun et al., 2001; Andersson et al., 2002) .
Quasi-static bipolar, divergent electric fields are indicative of positive U-shaped potential contours whereas unipolar electric fields suggest S-shaped potential contours (e.g. Marklund et al., 1997) . Sometimes one electric field profile dominates on a certain scale whereas another profile dominates on a different scale which results in combinations of U-and S-shaped equipotential contours, as discussed by e.g. Chiu et al. (1981) . How are these structures formed and maintained and how time independent are they? What are the conditions behind the development of the U-shaped and S-shaped configuration, respectively? Do the electric field structures map quasi-statically to high altitudes or do they close above the acceleration region?
Data from the Polar satellite at geocentric distances of 4-7 R E have shown the existence of electric field structures with perpendicular electric field magnitudes that can exceed 100 mV/m (Keiling et al., 2001) . The magnitude-versusaltitude distribution of these electric fields was consistent with both the assumption of propagating shear Alfvén waves and with electrostatic structures extending over this altitude range. In their study no distinction was made between divergent and convergent electric field structures in the return current region and primary current region, respectively. Janhunen et al. (1999) used Polar data to investigate whether converging electric fields associated with negative potential structures extended up to Polar altitudes. They concluded that the lack of such events at Polar altitudes could be explained by an O-shaped potential model, which, however, provides no net energy gain for the electrons. To identify the nature of the electric field variations is, however, difficult from Polar and other single satellite observations. Multipoint measurements from Cluster crossings of auroral field Fig. 3 . Overview of the locations of the four electric field events, with respect to the auroral oval and plasma boundaries. The corresponding Cluster orbit segments have been projected to the northern auroral ionosphere using an Invariant Latitude-Magnetic Local Time polar diagram. Events 1 and 2 were encountered at the boundary between the plasma sheet boundary layer (blue color) and the central plasma sheet (green color) and events 3 and 4 were encountered at the polar cap boundary.
lines provide, however, a very powerful means for separating between temporal and spatial variations, such as associated with waves and quasi-static structures.
This study uses data from four Cluster crossings of auroral field lines at geocentric distances of 4-5 Earth Radii. Two events are from early 2001 when the inter-spacecraft separation was large and the spacecraft configured, close to perigee, nearly as pearls-on-a-string with about 100 s time separation between consecutive crossings. For the other two events from spring 2002, the separations between the Cluster spacecraft were an order of magnitude smaller and the configuration slightly more tetrahedron-like with typical time separations between consecutive crossings of 10-20 s. The data used for this study were obtained by the Electric Field and Wave experiment (EFW, Gustafsson et al., 1997) , the Flux-Gate Magnetometer (FGM, Balogh et al., 1997) , and the Plasma Electron and Current Experiment (PEACE, Johnstone et al., 1997) , all described in "The Cluster and Phoenix Missions" (special issue of Space Science Reviews, 1997). In one event for which electron data were missing we have instead used CIS ion data (Cluster Ion Spectrometer, Rème et al., 1997) to investigate the particle characteristics associated with the electric field structure. Figure 3 shows the four selected Cluster auroral oval crossings, projected to the northern auroral ionosphere and plotted in an Invariant Latitude-Magnetic Local Time polar diagram. The events all took place at nightside auroral plasma boundaries. Events 1 and 2 from early 2001 were both encountered at the boundary between the plasma sheet boundary layer (PSBL, represented by blue color) and the central plasma sheet (CPS, represented by green color), whereas events 3 and 4 were encountered at the polar cap boundary. Note that all Cluster parameter values discussed below have been projected to be representative at the ionospheric level. This event from 14 January 2001 has been discussed in some detail by Marklund et al. (2001) and the main results are illustrated schematically by Fig. 4 . The Cluster spacecraft monitored the evolution of a positively charged U-shaped potential structure, crossing its high-altitude flanks in roughly the same orbits (except for spacecraft 2 which was slightly displaced in longitude) and separated in time by about 100 s. The perpendicular potential across the structure, as derived from the measured electric field, agreed well for all four spacecraft with the acceleration potential (or parallel potential), inferred from the characteristic energy of the upward moving electrons, indicative of a U-shaped potential structure with the acceleration region well below the Cluster spacecraft. The acceleration potential of the structure increased from 0.5 kV at T =0 (s/c 1 crossing), to 1.1 kV at T =100 s (s/c 3 crossing), to a maximum of 2 kV at T =200 s ; and the bottom panel shows the FAC distribution (upand downward directed FACs in blue and red color, respectively). The divergent bipolar electric field structure is associated with a localized FAC intensification within a large-scale downward FAC, a plasma density drop on a large-scale density gradient, and a positive potential peak. The positive potential peak maintained a fairly stable value of 1 kV between the first and the third crossing and increased to 2.7 kV by the time of the last crossing, on a time scale of 100 s.
Overview of the events
(s/c 2 crossing), followed by a sudden drop to below 0.8 kV at T =300 s (s/c 4 crossing). During this evolution, the associated downward FAC, carried by ionospheric upgoing electrons, maintained roughly a constant magnitude, but flowed in progressively widening sheets.
The similarity between the time scale of evolution of the structure and for the density hole formation (a few 100 s) suggests a close connection between the two processes. As the upward flow of electrons emptied the electron supply in the ionosphere below the structure, the current sheet widened to make available a sufficient supply of electrons to maintain the constant current. At the time of the last crossing, the current sheet was almost ten times larger than initially, making available current carriers from the surrounding ionosphere not yet effected by the evacuation process. At this time the acceleration structure had almost disappeared, as indicated by the drop in the acceleration energy of the electrons, the disappearence of the electric field and of the plasma density gradient (see Marklund et al., 2001 for more details on this event). by space-borne auroral imagers, we only note here that at the time of the Cluster crossing intense discrete auroras were present in the duskside and midnight sectors of the northern auroral oval according to the IMAGE satellite images (not shown here). The event location is illustrated in Figs. 2b and 3.
Figures 5a-5d show electric field (EFW) and magnetic field (FGM) data measured by the four Cluster spacecraft for 15 min periods containing the electric field structure and starting at 00:59, 01:03, 01:01, and 01:04 UT for spacecraft 1, 2, 3, and 4, respectively. The black lines in the top panels show the electric field component perpendicular to the magnetic field and normal to the local orientation of the structure (derived by minimum and maximum variance of the magnetic and electric field, respectively), and positive in the equatorward direction. The green lines in the top panels show the perpendicular magnetic field component tangential to the structure and positive in the eastward direction. The middle panels show the perpendicular potential (black line), derived by integrating the perpendicular electric field, and the negative of the spacecraft potential (green line), indicative of the relative variations of the plasma density. The bottom panels show the FACs, calculated from the tangential magnetic field component after subtraction of a polynomial fit to the data over a two-hour interval of time. Upward and downward FACs are represented by blue and red colors, respectively. The downward FAC peaks are co-located with the electric field structure. The small-scale FAC associated with the electric field structure is embedded within a more extensive downward FAC, which remains relatively stable in terms of magnitude and width for the four crossings between 00:59 and 01:19 UT, but reveals internal current density variations from one crossing to another.
The electric field structure was encountered at 01:04:40 UT by spacecraft 1, at 01:07:20 UT by spacecraft 3, at 01:08:20 UT by spacecraft 2, and at 01:10:00 UT by spacecraft 4. The structure is associated with a narrow-scale density cavity superposed on a large-scale plasma density gradient, as inferred from the −V s/c variations in panel 2. The electric field and associated positive potential peak increase from about 30 mV/m and 0.4 kV, respectively, on spacecraft 1, to 150 mV/m and 2.7 kV, respectively, on spacecraft 4, most of the increase taking place between the last two crossings, i.e. on a time scale of about 100 s. The observed intensification of the electric field and of the associated positive potential peak on a 100 s time scale are similar characteristics to those observed in the previous event and thus supporting a similar scenario. Figure 6a shows time-energy spectrograms and corresponding pitch-angle distributions for H + (panels 1-4) and O + (panels 5-8) ions in three energy ranges for spacecraft 1 from 00:30 UT to 01:30 UT. The black vertical line marks the encounter with the electric field structure at 01:04:40 UT, at the equatorward boundary of the plasma sheet boundary layer (and of an enclosed large-scale inverted-V associated with a weak upward FAC). The inverted-V region is traversed by spacecraft 1 between 00:56 UT and 01:04:40 UT and is characterized by upward field-aligned ion fluxes (low/middle energy range for H + and middle/high energy range for O + ). The poleward flank of the inverted-V is characterized by lower-energy and more conic-like ion distributions and the equatorward flank by a similar but denser conic-like population with regions of more isotropic ion fluxes.
In Fig. 6b are shown time-energy spectrograms for H + and O + for spacecraft 1, 3, and 4 between 00:30 and 01:30 UT. Note that the characteristic energy of the inverted-V ions associated with the upward FAC distribution seen prior to the electric field structure in Fig. 5 , decreases clearly between the first, the third, and the fourth crossing. Thus, a decrease in the acceleration potential is observed in the upward current region some minutes prior to the encounter with the growing positive potential structure in the adjacent downward current region. The inverted-V potential decrease is roughly equal to the subsequent perpendicular potential increase, such that the sum of the two acceleration potentials is roughly constant. The scenario with a decaying inverted-V in the upward FAC region followed by an increasing acceleration potential in the downward FAC region, suggest that a possible potential redistribution took place between the two current branches. However, since the observations of the inverted-V and of the return current structure were not made at the same time but delayed by several minutes, and since the downward FAC closure is not known in detail, such a scenario can not be conclusively proven by the data. This and the following event took place in late spring 2002, when the spacecraft separation was an order of magnitude smaller and the spacecraft configuration slightly more tetrahedron-like than for the previous events. We show here only data from spacecraft 3 to illustrate the characteristics of the encountered structures (data from all four Cluster crossings are shown by . Figure 7 shows time energy spectrograms of PEACE electron data in the directions parallel, perpendicular, and antiparallel to the geomagnetic field, B. Note that the upward electron flux (top panel) enhancement takes place in two adjacent regions, one wider region with a characteristic energy of ≈0.7 keV and a more narrow region with a characteristic energy of ≈3 keV. Figure 8 shows the corresponding electric and magnetic field data using the same format as in Fig. 5 . The panels show, from top to bottom: the normal electric field (black line) and the tangential magnetic field (green line) components, the electric potential (black line) and the negative of the spacecraft potential (green line), and the calculated FAC distribution (upward and downward FACs in blue and red, respectively) for the same interval of time as in Fig. 7 . For this and the following event we have chosen to present the FAC distributions presented by , who used another way for removing the background magnetic field, namely by subtraction of a runningwindow average (1 min wide and steps of 10 s) rather than subtracting a polynomial fit to the data. The latter method may be more suitable for FAC estimates that are representative at larger scales.
The electric field seen within the two vertical lines (where the variations are found to be spatial or quasi-static) is composed of one weaker, roughly bipolar electric field structure reaching ≈30 mV/m and one intense, unipolar electric field puls reaching 140 mV/m. The first of these is associated with a small positive potential peak and the other with a minor peak followed by a steep slope, appearing as local maxima or kinks on the continuous large-scale potential increase (Fig. 8,  panel 2 ). They are co-located with narrow downward FACs (Fig. 8, panel 3 ) and with upward electron beams (Fig. 7 , panel 1) with characteristic energies roughly consistent with the net perpendicular potentials (cf. Table 1) . . Electric and magnetic field data from Cluster spacecraft 4 for event 4, using the same format as in Figs. 5 and 8. Here, two time intervals were found to be dominated by spatial or quasi-static electric field variations, as indicated by the first two and the last two vertical lines. The electric field peaks in these two regions are both unipolar and show up in panel 3 as local, weak potential peaks followed by steep negative slopes, each associated with a downward FAC surrounded by upward FACs, and superposed on a slowly decaying large-scale potential.
Equatorward oval crossing 19 May 2002 at about
05:30 UT and 20:00 MLT (Southern hemisphere, geocentric distance of ≈5.0 R E ) Figure 9 shows electric and magnetic field data for this event using the same format as in Figs. 5 and 8. Three electric field structures are seen, the first and the third being of spatial nature and the less intense middle structure of temporal nature, as concluded by Karlsson et al. (2004) . The electric field peaks in regions 1 and 3 are essentially unipolar and show up in panel 2 as minor local maxima followed by negative slopes, superposed on the slowly decaying large-scale potential. Each peak is further associated with a downward FAC surrounded by upward FACs. Figure 10 shows time energy spectrograms of electron fluxes in the directions parallel, perpendicular, and anti-parallel to B for this event. Note that the first and the third upward electron beam in the top panel are co-located with the electric fields peaks in regions 1 and 3 and to the downward FAC peaks. Note the close similarities between the electric field peaks in region 1 and 3 and between the signatures of their associated current, electron, and potential profiles. This raises the question whether the Cluster spacecraft passed above a folded auroral form, such as a surge, crossing its boundary twice but at different locations. The detailed minimum variance and cross-correlation analysis performed by Karlsson et al. (2004) gave an orientation for the electric field structure and associated FAC sheet that deviated from an eastwest alignment by roughly +45 for region 1 and −45 • for region three. The large difference in the orientations of the structures in the two regions and deviations from an east-west alignment indicates that these structures were associated with one or more strongly folded auroral forms. By assuming that the structures observed in region 1 and 3 were encountered at the western and eastern flanks of a surge propagating westward at a constant velocity, with components normal to the western and eastern flank taken from the results of the cross-correlation, the surge velocity was estimated to be about 20 km/s locally and 2 km/s at the ionospheric level. Given this scenario, the number of regions characterized by intense electric and magnetic field variations, thus reduce from three to two regions. One poleward region, characterized by a unipolar electric field associated with an intense downward FAC and an upward electron beam, and closely tied to the poleward boundary of the surge (the polar cap boundary) and associated plasma density gradient. Equatorward of this is a region dominated by less intense, time-varying electric and magnetic fields (10-20 mHz) of Alfvénic nature, a common feature of the poleward part of the nightside active auroral oval, sometimes developing into poleward boundary intensifications.
Event summary
The main characteristics of the selected electric field structures are summarized in Table 1 , where all values have been projected to the 100 km altitude level. The two bipolar electric field events were encountered at the CPS/PSBL boundary and are indicative of positive U-shaped potential structures. The unipolar electric field structures were encountered at the polar cap boundary and are indicative of narrow-scale S-shaped potential structures. The electric field amplitudes range from 0.35 to 1.7 V/m, values exceeding the maximum electric fields observed in the ionosphere and thus indicative of parallel electric fields below the Cluster spacecraft. The perpendicular scale sizes, in a direction normal to the structure and perpendicular to B, range between 7 and 15 km. The calculated perpendicular potentials range from less than one kV to a few kV, the latter representing the peak potentials observed during their evolution, and consistent with the observed characteristic energy of the associated upward electron beams as well as with statistical results from FAST by Cattell et al. (2004) . The associated FACs, which are all downward, have maximum current densities between 10 and 20 µA/m 2 .
The life and growth time estimates given in Table 1 are very crude, considering the few events, the "short sampling time" (especially for the 2002 events when the separation distances were small) and the "poor sampling rate" (especially for the 2001 events when the separations were large). The time scale of a few 100 s, derived for the two events from 2001 is, however, believed to be representative for the time of evolution of the structures, supported by its similarity to the formation time of ionospheric plasma density cavities.
Discussion
This study is focussed on Cluster observations in the return current region where downward field-aligned electric fields associated with quasi-static U-or S-shaped (or combinations thereof) equipotential structures, accelerate beams of electrons away from Earth and ions towards Earth (undetectable by Cluster but detectable by low-altitude orbiting satellites, such as Freja, Hultqvist, 2002) . The quasi-static acceleration is often accompanied by Alfvén wave acceleration , sometimes adjacent to, sometimes colocated with, the quasi-static acceleration. The return current acceleration typically occurs between 1000 km and 4000 km altitude, i.e. much closer to Earth than the primary acceleration region. For both the return current and the primary acceleration regions the intensity and the altitude of the acceleration depend strongly on the ambient plasma density and ionospheric conductivity such that, the darker the ionosphere (lower plasma density and lower ionospheric conductivity), the lower is the altitude of, and the more intense is, the acceleration (cf. Marklund et al., 1997) .
The temporal evolution of a divergent electric field structure associated with black aurora was illustrated schematically in Fig. 4 for event 1 from 14 January 2001. The positive potential structure, accelerating electrons away from the auroral ionosphere, and the associated ionospheric density cavity below, are proposed to evolve hand in hand, closely tied to the supply of return current carriers (Marklund et al., 2001) . The same general scenario applies for event 2, with a dipolar, divergent electric field encountered at the CPS/PSBL boundary, increasing in magnitude from less than one kV to a few kV on a time scale of some 100 s.
By using inter-spacecraft correlation combined with minimum-B and maximum-E variance analysis presented a powerful tool to separate temporal and spatial variations as well as to reconstruct the geometry of a structure and its motion relative to the Cluster spacecraft. This method was applied on events 3 and 4, for which the spacecraft configuration close to perigee could not simply be described as equidistant pearls-on-a-string (as was the case for events 1 and 2). The contribution by quasi-static structures and by Alfvén waves for the acceleration of auroral particles and for the energy transport was addressed by . They found that the variations identified as spatial were significantly larger than the variations identified as temporal, indicating that the quasi-static acceleration was relatively more important for these two events. Furthermore the structures were found to be relatively stable on the time scales between consecutive crossings, typically 10-20 s.
The four return current acceleration structures are characterised by (all values being projected to the ionospheric level): electric field amplitudes of about 0.5-1 V/m, perpendicular scale sizes of 10 km, bipolar (indicative of positive U-shaped equipotential structures) or unipolar (indicative of S-shaped potential structures) shapes, occurrence at plasma boundaries associated with plasma density gradients and downward FACs of 10-20 µA/m 2 . The time of observation of these structures ranged between 20 s<t<180 s. The lower limit of 20 s is too short for revealing the life cycle of the acceleration structures but yet of interest for revealing their short-term stability. The upper limit of a few 100 s is, however, representative for the time of growth of the acceleration structures for the two events from 2001, and for the typical time for formation of ionospheric plasma density cavities for a FAC density of 10-20 µA/m 2 and an average ionospheric plasma density background. For a FAC density a factor of 10 larger (smaller) the transport is more (less) efficient and the life time estimates will be a factor of 10 smaller (larger). We believe there is a close connection between the evolution of the acceleration structures and the formation of plasma density cavities in the ionosphere, as explained by Marklund et al. (2001) but more events are needed to prove such a connection conclusively. Figure 3 illustrates the locations of the two bipolar electric field events (1 and 2) at the CPS/PSBL boundary and of the unipolar events (3 and 4) at the polar cap boundary. There are many conditions that may influence the specific shape of the electric field and four events are clearly not sufficient to allow any firm conclusions. However, the different profiles may depend on the different plasma conditions and ability for current closure of the downward FAC to upward FACs at the different boundaries. Consider, for simplicity, the case of a small convection electric field and a homogeneous ionospheric conductivity. A diverging electric field structure above the acceleration region will correspond to a diverging electric field also at the ionospheric level, with reduced magnitudes but with the same orientations as the high-altitude field. For the diverging, bipolar cases (events 1 and 2) ionospheric closure can be accomplished by oppositely directed (diverging) Pedersen currents linked to upward FACs both poleward and equatorward of the boundary. For the unipolar cases (events 3 and 4) closure is more likely accomplished by one single equatorward Pedersen current linked to upward FACs in the PSBL. Thus, the presence of relatively dense plasma populations on both sides of the boundary, such as for the two events from early 2001 at the CPS/PSBL boundary, could be a condition that favours the bipolar electric field profile (and associated U-shaped potential structure). The lack of a relatively dense plasma population on one side of the boundary, as for the case of the polar cap boundary, is a condition that might favour the unipolar electric field profile (and associated S-shaped potential structure) observed for events 3 and 4.
The Cluster results presented here demonstrate clearly that the equipotential structures, associated with the downward field-aligned electric field located between 1000 km and 4000 km, map quasi-statically up to Cluster altitudes at 4-5 R E geocentric distance, although this does not always have to be the case. Of the Cluster auroral studies conducted so far it appears as if intense diverging electric field structures are relatively more common in the data than converging electric field structures at Cluster altitude, raising the question if the quasi-static mapping of converging electric fields in the upward current region, does not hold in the way as proven here for the diverging electric fields. The typically larger scale size and less intense field magnitudes of the convergent structures may be one reason why such structures are less outstanding in the Cluster data.
There are many features and problems related to the nature of the acceleration structures that need to be further clarified and better understood in addition to the problems discussed here. A complicated, but neverthess interesting, topic is the generator or generators, which drive the auroral current circuit and thus strongly influences how different circuit elements behave and impact on each other. In event 1, the downward FAC associated with the evolving structure varied in density and width but remained at roughly a constant magnitude throughout the crossings by the Cluster spacecraft. The electric field adjusted itself to the changing plasma density conditions and increased as the plasma density and ionospheric conductivity decreased. However, the threefold increase in the perpendicular potential was only partly related to the electric field intensification. Of equal importance was the widening of the structure.
For event 2, a decrease in the acceleration potential was observed in the upward current region some minutes prior to the encounter with a growing positive potential structure in the adjacent downward current region. The inverted Vpotential decrease was roughly equal to the subsequently observed perpendicular potential increase. The acceleration potentials in the two adjacent and oppositely directed FAC sheets thus varied over time such that their sum stayed roughly constant, indicating a strong coupling and possibly that a potential redistribution took place between the two current sheets. However, such a scenario can not be conclusively proven, considering the time delay of several minutes between the observations in the two regions, and the uncertainty regarding the FAC closure. From statistical studies of the return current electric field an inverse relationship between the magnitude and width of structures was found, such that the most intense fields were associated with the smallest scale sizes and larger-scale fields were typically not so intense (Karlsson and Marklund, 1996; Marklund et al., 1997) . The maximum perpendicular potentials associated with the return current structures seldom exceed 3 kV which agrees well with the maximum energies of upward electron beams (Cattell et al., 2004) .
The results discussed here have demonstrated some spatial and temporal features of the small-scale return current structures identified in the Cluster data. The continued study of the Cluster dataset with identification and analysis of more events, and statistical studies, provide a unique possibility to improve our understanding of the small-scale aurora and return current phenomena in general, and of the acceleration and energy transfer processes in particular.
Summary
Observations from four Cluster encounters with auroral return current acceleration structures have been analysed thouroghly and compared with the purpose to identify both common and different features of such structures, and how these may be understood. The two selected events from 2001 were ideally suited for studying the temporal evolution of the structures, given the pearl-on-a-string configuration of the Cluster spacecraft close to perigee and the 100 s time lag between consecutive crossings. The main results of this study are summarized below.
1. The return current electric field structures were characterized by (all values projected to the ionospheric level) typical peak magnitudes of ≈1 V/m, perpendicular scale sizes of ≈10 km, occurrences at plasma boundaries associated with plasma density gradients, downward FACs peaking at ≈10 µA/m 2 , and upward fluxes of electrons with energies from a few 100 eV up to a few keV.
2. An evolution of a positive potential structure from less than 1 kV up to a few kV on some 100 seconds occured for events 1 and 2. For event 1, this evolution scenario was supported by an energy increase of the upflowing electrons consistent with the perpendicular potential growth. The few 100 s time scale is also typical for the formation of ionospheric plasma cavities, connected to the potential structures and suggested to evolve hand-in-hand with these. These results support the existence of quasi-static U-shaped positive potential structures in the return current region, the extension of such structures up to (and possibly beyond) Cluster altitudes, and an evolution scenario which is closely tied to the formation of ionospheric plasma cavities 3. For event 2, an energy decay of inverted-V ions was observed in the upward current region prior to the acceleration potential increase in the adjacent downward current region. The inverted-V potential decrease was roughly similar to the subsequent acceleration potential increase, such that the sum of the two adjacent acceleration potentials remained roughly at a constant value, suggesting that a potential redistribution took place between the two adjacent current branches. Such a scenario can, however, not be conclusively confirmed from the data, because of the time delay between the observations in the two regions and because of uncertainties regarding the FAC closure.
4. The maintenance of a constant FAC magnitude in one event, and of the sum of the acceleration potentials in another, over a few 100 s, represent features of the small-scale return current structures which are insufficient for revealing how the circuit is driven (which requires knowledge of the impedance distribution in the full circuit). However, the results from the on-going Cluster auroral studies will contribute, together with results from other spacecraft covering other altitude regions of the current circuit, to improve our understanding of the small-scale aurora and return current phenomena, and of the acceleration and energy transfer processes associated with these.
5. The locations of the two bipolar events at the CPS/PSBL boundary and of the two unipolar events at the polar cap boundary, suggest that the shape of the electric field profiles depend on whether plasma populations, dense enough to support upward field-aligned currents (by which the return current can close), exist on both sides, or on one side only, of the boundary.
6. Three regions of intense electric field variations, two spatial regions embedding one temporal region, were identified by Karlsson et al. (2004) for event 4. The many similarities for the two spatial regions (unipolar electric fields, intense downward FACs and upward electron beams) and the large differences in the estimated sheet orientations (+45 • and −45 • relative to gm east), suggest that the two spatial regions correspond to different intersections of the poleward boundary of a surge, at its western and eastern flank, respectively. For an assumed westward surge propagation, with components normal to the western and eastern flank given by the cross-correlation, the surge velocity was estimated at 2 km/s in the ionosphere. Equatorward of this is a region dominated by less intense, time-varying electric and magnetic fields of Alfvénic nature, a common feature of the poleward part of the nightside active auroral oval.
